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Tombusviruses are small, plus-sense, single-stranded RNA viruses of plants. A partially purified RNA-dependent RNA
polymerase (RdRp) preparation of Cucumber necrosis virus (CNV), which is capable of de novo initiation of complementary
RNA synthesis from either plus-strand or minus-strand templates, was used to dissect minimal promoter sequences for
tombusviruses and their defective interfering (DI) RNAs. In vitro RdRp assay revealed that the core plus-strand initiation
promoter included only the 3-terminal 11 nucleotides. A hypothetical promoter-like sequence, which has been termed
consensus sequence by Wu and White (1998, J. Virol. 72, 9897–9905), is recognized less efficiently by the CNV RdRp than the
core plus-strand initiation promoter. The CNV RdRp can efficiently recognize the core plus-strand initiation promoter for a
satellite RNA associated with the distantly related Turnip crinkle virus, while artificial AU- or GC-rich 3-terminal sequences
make poor templates in the in vitro assays. Comparison of the “strength” of minimal plus-strand and minus-strand initiation
promoters reveals that the latter is almost twice as efficient in promoting complementary RNA synthesis. Template
competition experiments, however, suggest that the minimal plus-strand initiation promoter makes an RNA template more
competitive than the minimal minus-strand initiation promoter. Taken together, these results demonstrate that promoter
recognition by the tombusvirus RdRp requires only short sequences present at the 3 end of templates. © 2002 Elsevier
Science (USA)INTRODUCTION
Tombusviruses, including Tomato bushy stunt virus
(TBSV) and Cucumber necrosis virus (CNV), are among
the most intensively studied RNA viruses of plants. They
have 4.8-kb, single-component plus-strand RNA ge-
nomes that are directly translated into replicase proteins
p33 and p92 (Fig. 1) (Russo et al., 1994). p92 is the result
of translational readthrough of the p33 stop codon and its
level of accumulation is 20-fold less than that of p33 in
infected cells (Scholthof et al., 1995b). Previous in vivo
studies have demonstrated that both p33 and p92 are
necessary for tombusvirus accumulation (Scholthof et
al., 1995b; Oster et al., 1998). Based on sequence anal-
ysis, p92 is proposed to have RNA-dependent RNA poly-
merase (RdRp) activity (Hearne et al., 1990), while the
function(s) of p33 is not known. Both p33 and p92 have
been proposed to be part of the tombusvirus replication
complexes, which are localized to membranous cytosolic
structures derived from peroxisomes or mitochondria
(Burgyan et al., 1996; Rubino and Russo, 1998).
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dressed at Department of Plant Pathology, University of Kentucky,263Tombusviruses are frequently associated with defec-
tive interfering (DI) RNAs that are derived entirely from
the genomic RNA. The most frequently occurring DI
RNAs contain three or four short noncontiguous seg-
ments of the genomic RNA (Fig. 1; Hillman et al., 1987;
Rubino et al., 1990; Finnen and Rochon, 1993; Chang et
al., 1995). These RNAs do not code for proteins and can
interfere with the accumulation of the genomic RNA and
reduce the intensity of symptoms in tombusvirus-in-
fected plants (Hillman et al., 1987; Chang et al., 1995;
Scholthof et al., 1995a). Their generation is thought to
occur via step-wise deletions of sequences that are
possibly mediated by the viral replicase complex (White
and Morris, 1994b). Due to their small sizes, DI RNAs are
excellent templates to study RNA replication in vivo and
in vitro (White and Morris, 1999; Nagy and Pogany, 2000).
Similar to other viruses with plus-stranded RNA ge-
nomes, tombusvirus are replicated by viral replicase
complexes in infected cells in a two-step process. First,
a complementary RNA is made from the invading viral
plus-strand RNAs. This is followed by plus-strand RNA
synthesis utilizing the minus-strand intermediates. Plant
viral RdRp complexes have been found to consist of bothKey Words: replication; de novo initiation; RNA promote
plant virus.
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characterize the biochemical properties of isolated plant
viral RdRps has revealed that these enzyme complexes
are capable of de novo initiation of complementary RNA
synthesis on selected template RNAs. Detailed analysis
of template recognition and template specificity of sev-
eral plant viral RdRps have been characterized in vitro,
including Brome mosaic virus (BMV) (Adkins and Kao,
1998; Sivakumaran and Kao, 1999; Chapman and Kao,
1999), Turnip crinkle virus (TCV) (Song and Simon, 1995;
Guan et al., 1997), Turnip yellow mosaic virus (TYMV)
(Singh and Dreher, 1997, 1998; Deiman et al., 2000),
Alfalfa mosaic virus (de Graf and Jaspars, 1994; Olst-
hoorn et al., 1999), Tobacco mosaic virus (Osman et al.,
2000), and Cucumber mosaic virus (Wu et al., 1991; Buck,
1996). The minus-strand initiation promoters of these
viruses are located at the 3 end of the RNA templates
and they form stem-loop structures (Buck, 1996; Kao et
al., 2001). In contrast, the plus-strand initiation promoter
for satC, a satellite RNA associated with TCV, consists of
short single-stranded sequences with unique primary
sequence (Guan et al., 1997). The plus-strand initiation
promoter and the minimal subgenomic promoter using
minus-stranded templates were delineated for BMV (Ad-
kins and Kao, 1998; Sivakumaran and Kao, 1999; Haas-
noot et al., 2000). It has also been shown that short RNA
templates with CCA repeats are transcribed efficiently in
the absence of unique promoters by several viral RdRps
(Singh and Dreher, 1998; Yoshinari et al., 2000; Deiman et
al., 2000). Initiation from possible CCA initiation sites is
controlled by 3 preferential initiation and structural pre-
sentation (Yoshinari et al., 2000).
In this article we demonstrate, by using a partially
purified CNV RdRp preparation (Nagy and Pogany, 2000),
that plus-strand RNA synthesis on the minus-stranded DI
RNA templates requires a 3-terminal 11-nt-long “core”
promoter sequence that is highly conserved among tom-
busviruses and their associated DI and satellite RNAs.
RESULTS
Dissection of minimal sequences required for plus-
strand synthesis in vitro
Previous work using the partially purified CNV and
TBSV RdRp preparations has shown that minus-stranded
DI-72 contains a plus-strand initiation promoter within
region I (Fig. 1) (Nagy and Pogany, 2000). In addition,
based on sequence comparison of tombusviruses and
associated DI and satellite RNAs, Wu and White (1998)
have proposed that an undecamer (11-nt-long) minus-
strand sequence at the very 3 end of the above RNAs
might serve as an initiation sequence. This model has
also been supported by analysis of the in vivo replication
ability of a DI RNA that lacked region I, but contained an
unusual 3 end on the minus strands that resembled the
above undecamer sequence (Wu and White, 1998).
These in vivo studies strongly suggested a direct role for
the undecamer sequence in plus-strand synthesis.
We have used our recently developed in vitro system
based on partially purified tombusvirus RdRp prepara-
tions to dissect the core plus-strand initiation promoter.
These preparations are able to use both plus- and mi-
nus-stranded RNA templates for primer-independent, de
novo initiated complementary RNA synthesis in the pres-
ence of all four rNTPs (Nagy and Pogany, 2000). Prelim-
inary experiments using a set of minus-strand DI-72
templates with increasing length of 5 truncations fre-
quently resulted in in vitro products that were initiated
“improperly” by the tombusvirus RdRp preparations (data
not shown). These improper products were generated by
3-terminal extension (similar to primer extension) in-
stead of de novo initiation (data not shown), likely the
result of misfolding of the short RNA templates. To min-
imize the possibility of 3-terminal extension, we have
adapted the strategy used by Song and Simon (1995) for
TCV. This includes the addition of sequences to the 5
end of the RNA templates, which can fold correctly and
thereby reduce the chances for RNA misfolding and
minimize the extent of 3-terminal extension. For the 5
sequence, we chose a chimeric RNA sequence that
does not support RNA synthesis in our CNV RdRp assays
(construct Anc-MDV) (Fig. 2). This sequence consists of a
minus-stranded satellite RNA (termed MDV, 221 nt in
length) (Axelrod et al., 1991) associated with Q bacte-
riophage and a short “anchor” sequence (Fig. 2). After
attachment of either 11-, 21-, or 28-nt sequences from the
3 terminus of minus-stranded DI-72 to the 3 end of
above chimeric sequence, the templates were able to
support complementary RNA synthesis in the in vitro
assay (constructs cPR11, cPR21, and cPR28, Fig. 2). The
11-nt sequence was almost as effective as the 21-nt
sequence, while the 28-nt sequence made the template
the most active in the in vitro assay. These data demon-
strate that the core plus-strand initiation promoter is
located within the 11-nt 3-terminal sequence as pre-
FIG. 1. Schematic representation of the RNA genomes of a typical
tombusvirus (TBSV) and the prototypical DI-72 RNA. The tombusvirus
genomic RNA contains five open reading frames of which two are
expressed directly from the genomic RNA (shown by open boxes) and
three (shown by black boxes) are expressed from two subgenomic
RNAs. The four noncontiguous regions (indicated by roman numerals)
from which the TBSV-derived DI-72 RNA is derived are depicted with
boxes (gray boxes for noncoding and black for coding regions).
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dicted by Wu and White (1998). Construct cPR288 that
lacks 8 nt from the very 3 end of the minus-strand DI-72,
including the 3-terminal initiation site and most of the
undecamer sequence (Fig. 2), supported complementary
RNA synthesis at a reduced level (39%). Interestingly,
cPR288 contains a sequence that is similar to the
3-terminal undecamer sequence (see sequence under-
lined in Fig. 2A). This observation and the fact that
cPR28, which contains duplicated undecamer-like se-
quences, showed the highest template activity (Fig. 2A),
suggest that the downstream undecamer-like sequence
has a stimulative effect on the extent of plus-strand RNA
synthesis.
Effect of 3-terminal sequences on initiation by the
CNV RdRp
The identity of the 3-terminal nucleotide on the minus
strands of CNV or TBSV has not yet been firmly estab-
lished (see Discussion). Therefore, we have tested tem-
plates that contained either one or two cytidylates at the
3-terminus (see below). To dissect the site of initiation
and the effect of proximal nucleotides on initiation in
detail, we replaced the 221-nt MDV-derived sequence in
construct cPR11 (Fig. 2A) with the 82-nt region III ()
derived from DI-72 (Fig. 1). This allowed for single-nucle-
otide resolution of RdRp products on 8 M urea/PAGE gels
(Fig. 3). Based on the size of the RdRp product obtained
with construct 1–2CC, which has the same 3-terminus
with two cytidylates as cPR11 (Fig. 2), the 3-terminal
cytidylate was used for initiation of complementary RNA
synthesis by the CNV RdRp (Fig. 3). Adding two extra
adenylates to the 3 end of 1–2CC did not change the
size of the RdRp product, although the efficiency of initi-
ation was lower (81% for construct 1–2CCAA in Fig. 3).
This excludes the finding that the CNV RdRp would
FIG. 3. The effect of 3-terminal sequences on initiation of transcrip-
tion. (A) Construct 1–2CC contains the core promoter sequence present
in cPR11 (Fig. 2) in addition to the 17-nt “Anc” sequence (Fig. 2) and the
82-nt R3() sequence representing plus-strand region III of DI-72 (Fig.
1). The nucleotides deleted are shown with , while mutated nucleo-
tides are boxed. The site of initiation was estimated based on (B). Other
symbols are as described in the legend to Fig. 2. (B) A representative
denaturing gel analysis of radiolabeled RNA products synthesized by in
vitro transcription with CNV RdRp. RNA templates were used in equal
amounts. Three samples on the right are treated with RNase I. Posi-
tions of the molecular markers are indicated by lines on the left. The
markers are made by T7 transcription of construct 1–2CCAA (top line)
and 1–2CC (bottom line), which are different by 2 nt. Asterisks depict
the expected-sized products (see A). Note that the T7 markers repre-
sent minus-strand RNA, while the RdRp products represent plus-strand
RNA, which is possibly the reason for the slightly faster migration for
the RdRp products. Similar observation on slightly different migration of
plus- vs minus-strand RNAs has also been made by Song and Simon
(1995).
FIG. 2. Dissecting the minimal plus-strand initiation sequences for
the CNV RdRp. (A) Schematic representation of constructs tested in in
vitro CNV RdRp assays. The 5 ends of all constructs contain the
heterologous MDV sequence (a 221-nt satellite RNA of bacteriophage
Q) and a 17-nt anchor sequence (derived from TBSV, positions 4666–
4682). The actual 3 end sequence of each construct is shown in 3 to
5 orientation, since the promoter sequences represent minus-strand
RNAs. The promoter sequences constitute position 1 to 28 of TBSV (see
cPR28). Note that the 3-terminal sequence in construct cPR28 contains
an imperfect repeat (underlined). The nucleotides deleted are shown
with . The expected sites of transcription initiation are marked with
arrows above the sequences. The efficiency of RNA transcription was
compared to the level of transcription obtained with cPR11 (100%) and
% values are shown above the arrows. (B) A representative denaturing
gel analysis of radiolabeled RNA products synthesized by in vitro
transcription with CNV RdRp. RNA templates were used in equal
amounts. Position of the template-sized RdRp product for Anc-MDV is
marked with asterisks (undetectable amount of product).
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recognize the 3 end of the template, but instead, it
suggests that the CNV RdRp can properly recognize the
cytidylate for initiation in the presence of 3 extra se-
quences. Shortening construct 1–2CC by deleting the 3
terminal cytidylate resulted in 1 nt shorter RdRp product
and it slightly decreased template activity (85% for con-
struct 2C in Fig. 3). This demonstrates that if the 3
terminal cytidylate is deleted, then the penultimate cyti-
dylate can be used for initiation. Treatment of these RdRp
products with RNase I did not change their migration,
suggesting that these products were generated by de
novo initiation (independent of a primer) (see three lanes
on the right side of Fig. 3B). This is because de novo
initiation products should be RNase-resistant due to their
double-stranded structure that results from hybridization
between the template and the nascent RNAs. In contrast,
3-terminal extension products are partially RNase I sen-
sitive, while products labeled by a terminal transferase
should be completely degraded (Song and Simon, 1995).
Replacing the 3-terminal cytidylate in construct 2C by
a guanylate, adenylate, or uracil (constructs 2G, 2A, and
2U in Fig. 3) resulted in a decreased level of initiation
from the 3 end by 67, 92, and 64%. Based on these
experiments, we conclude that a 3-terminal cytidylate is
the favored nucleotide for initiation by the CNV RdRp. To
further test the role of the 3-terminal sequences in
initiation, we replaced the uracil at position 3 with a
cytidylate in construct 1–2CC. The resulting construct
1–3CCC (Fig. 3) was 14% better template than 1–2CC
with initiation occurring from the 3-terminal cytidylate.
This suggests that the uracil at position 3 is not abso-
lutely required for efficient initiation. We also studied the
effect of the uracil when located next to a single 3-
terminal cytidylate. By changing the penultimate uracil in
construct 2C to either a cytidylate or a guanylate resulted
in 62 and 58% template activities (see constructs 2–3CC
and 2–3CG, Fig. 3) with initiation occurring from the
3-terminal cytidylate for both constructs. When the pen-
ultimate uracil in construct 2C was changed to an ade-
nylate, no significant template activity was found (con-
struct 2–3CA, Fig. 3). These data indicate that nucleo-
tides adjacent to the initiating nucleotide can affect the
efficiency of initiation. Overall, the above results obtained
with 1–2CC and its derivatives are consistent with de
novo initiation of complementary RNA synthesis by the
CNV RdRp starting at the 3-terminal cytidylate of the
core plus-strand initiation promoter.
CNV RdRp can recognize a TCV-derived promoter
sequence, but not artificial sequences
To further define RNA sequences that may be recog-
nized by the CNV RdRp in vitro, we have generated and
tested six additional constructs (Fig. 4). First, we re-
placed the 11-nt core promoter in cPR11 with an 11-nt
consensus sequence proposed by Wu and White (1998)
based on sequence comparison of number of tombusvi-
ruses and their associated RNAs. The resulting construct
CONS (Fig. 4) supported RNA synthesis 67% as effi-
ciently as the wt core promoter. This confirms Wu and
White’s (1998) hypothesis that the tombusvirus RdRp is
capable of recognizing not only the authentic 3-terminal
core promoter, but a consensus undecamer sequence
as well.
Two other constructs contained CCA and (CCA)3 se-
quences, which are similar to the “universal” initiation
sequences proposed by Singh and Dreher (1998),
Deiman et al. (2000), and Yoshinari et al. (2000) for sev-
eral viral RdRps. The in vitro assay with construct CCA
resulted in a low amount of product, while (CCA)3 gen-
erated two products with low efficiency (11% total activity,
Fig. 4A). Initiation for the latter construct likely occurred
FIG. 4. Testing the efficiency of transcription from heterologous and
artificial promoters. (A) Schematic representation of constructs tested
in in vitro CNV RdRp assays. The 5 ends of all constructs contain the
heterologous 221-nt MDV sequence and the 17-nt anchor sequence
(see Fig. 2). The actual 3 end sequence of each construct is shown in
3 to 5 orientation as in Fig. 2. The consensus sequence in CONS
(boxed) is based on Wu and White (1998). Constructs CCA, (CCA)3, G/C,
and A/U contain artificial sequences shown in gray boxes. Construct
cTCV contains 11 nt (shown in a black box) representing the minus-
strand satC, positions 11 to 21, which includes a known plus-strand
initiation promoter (3 proximal promoter) (Guan et al., 1997). The
expected sites of transcription initiation are marked with arrows above
the sequences. The efficiency of RNA transcription was compared to
the level of transcription obtained with cPR11 (100%) and % values are
shown above the arrows. (B) A representative denaturing gel analysis
of radiolabeled RNA products synthesized by in vitro transcription with
CNV RdRp. RNA templates were used in equal amounts. Positions of
the expected template-sized RdRp products are marked with asterisks.
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from the 3-terminal CCA and the second CCA se-
quences, based on the sizes of the products in denatur-
ing PAGE (Fig. 4B). Altogether, these results suggest that
(CCA)3 sequences can be recognized by the CNV RdRp
in vitro, albeit less efficiently than the core plus-strand
initiation promoter or the consensus undecamer se-
quence. The third set of constructs contained either GC-
or AU-rich 11-nt sequences (constructs G/C and A/U)
(Fig. 4A) that replaced the similar-sized core plus-strand
initiation promoter in cPR11. The 3-terminal two cytidy-
lates were not changed in the above constructs since
these nucleotides are needed for initiation of comple-
mentary RNA synthesis (see Fig. 3). We have found that
constructs G/C and A/U do not support RNA synthesis at
a detectable level (Fig. 4B). This suggests that, in addi-
tion to the two 3-terminal cytidylates, the downstream
sequence present in the core plus-strand initiation pro-
moter is important for de novo initiation. The sixth con-
struct contained a heterologous sequence that included
the 11-nt-long plus-strand initiation promoter of TCV-
associated satC (termed the 3 proximal element by
Guan et al., 1997). This sequence is similar to the tom-
busvirus consensus sequence (Wu and White, 1998).
Interestingly, the TCV satC-derived sequence supported
efficient RNA synthesis by the CNV RdRp, confirming our
previous results obtained with full-length satC RNAs
(Nagy and Pogany, 2000). Overall, these results demon-
strate that the CNV RdRp can recognize the tombusvirus
and the TCV core plus-strand initiation promoters effi-
ciently. Recognition of the consensus promoter is less
efficient. In contrast, 3-located short artificial sequences
can only be used inefficiently by the CNV RdRp.
The role of downstream regions in template
recognition by the CNV RdRp
The efficiency of promoter recognition may be influ-
enced by sequences located downstream to the core
promoter. Therefore, we have also tested the above pro-
moter sequences in a second set of experiments. For
this set of constructs, a deletion derivative of the plus-
strand DI-72 (Fig. 1) was chosen to replace the MDV-
derived 5 sequences in constructs of Fig. 4. These new
constructs (72RI/IV series; Fig. 5) lacked the 5 portion
of region I and the 3 portion of region IV of DI-72, which,
based on previous work (Wu et al., 2001), may contain
cis-acting elements. The tombusvirus, TCV-associated
satC, and the consensus plus-strand synthesis promoter
sequences as well as the artificial sequences (see Fig.
4A), were individually attached to the 3 end of the
DI-72-derived 72RI/IV RNA, as schematically shown in
Fig. 5A. Testing the template activity of these constructs
in the CNV RdRp assay demonstrated that constructs
with the 11-, 21-, and 28-nt promoter sequences (cPR11,
FIG. 5. Analysis of the minimal plus-strand initiation sequences for the CNV RdRp with a second set of templates. (A) Schematic representation
of constructs tested in in vitro CNV RdRp assays. The 5 ends of all constructs contain a sequence termed 72RI/IV, which includes region II and
region III and part of region I (the 5 140-nt sequence of region I is not present) of DI-72(), and the 17-nt anchor sequence (Fig. 2). The actual 3
end sequence of each construct, the sites of initiations, and the efficiency of transcription are as described in the legend to Fig. 2. (B) A representative
denaturing gel analysis of radiolabeled RNA products synthesized by in vitro transcription with CNV RdRp.  and  signs above the lanes indicate
RNase I treated and untreated samples.
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cPR21, and cPR28, Fig. 5) showed the highest levels of
activities among the constructs tested. The 11-nt core
promoter (construct cPR11) was at least as efficient as
the extended promoters (constructs cPR21 and cPR28) in
promoting RNA synthesis. Surprisingly, the promoter ac-
tivity of the consensus undecamer sequence (CONS; Fig.
5) was much lower than that of the wt. Construct
cPR288 with the 3-truncated promoter sequence sup-
ported RNA synthesis at a reduced level, confirming our
finding that the downstream undecamer-like sequence
cannot completely replace the 3-terminal core promoter.
Constructs with GC- and AU-rich 3-terminal sequences
resulted in low, but detectable levels, of RNA synthesis
(G/C and A/U; Fig. 5). This is in contrast to the results
obtained above with the MDV-based constructs, where
the GC- and AU-rich 3-terminal sequences did not sup-
port detectable levels of RNA synthesis (Fig. 4). Differ-
ences in promoter activities between the MDV () (Figs.
2 and 4) and DI-72 ()-containing constructs (Fig. 5)
suggests that the promoter activity can be enhanced by
downstream sequences derived from DI-72 ().
The effect of downstream sequences on template rec-
ognition/use was further analyzed by comparing the in
vitro template activities of constructs containing the
same core plus-strand initiation promoter (the 11-nt core
sequence present in cPR11; Fig. 2) and either DI-72 ()-
or MDV ()-derived sequences present in downstream
locations (Fig. 6A). The DI-72 ()-derived construct
(named cPR11/72R I/IV; Fig. 6A) supported de novo
RNA synthesis more than fivefold more efficiently than
the MDV ()-derived construct (cPR11/MDV(); Fig. 6B).
These data confirm that downstream sequences derived
from DI-72 () can stimulate the promoter activity when
compared to the MDV () sequence. To dissect what
region of DI-72() is involved in the enhancement of
template activity, we generated constructs that contained
either region I (), region II (), or region III () se-
quences of DI-72 in downstream locations of the core
FIG. 6. Stimulative effect of DI-72()-derived sequences on transcription from the core promoter. (A) Schematic representation of constructs tested
in in vitro CNV RdRp assays. The 3 region in each construct contains the 11-nt core plus-strand initiation promoter sequence and the 17-nt anchor
sequence (Fig. 2), while the 5 end sequences are derived from either 221-nt MDV () (Fig. 2) or from DI-72() as shown. The region I sequence in
cPR11/72RI/IV includes the very 3 29 nt, while region II and region III are full-length (Fig. 1). The individual regions present in the remaining
constructs are full-length. The sites of initiations and the efficiency of transcription are as described in the legend to Fig. 2. (B) A representative
denaturing gel analysis of radiolabeled RNA products synthesized by in vitro transcription with CNV RdRp. The template-sized RdRp products are
marked with asterisks. The other prominent products are RNase I sensitive (not shown) and they are possibly generated by 3-terminal extension.
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plus-strand initiation promoter (constructs cPR11/R I,
cPR11/R II, and cPR11/R III; Fig. 6A). The template activity
of the region II ()-containing construct (cPR11/R II; Fig.
6A) was almost threefold higher, while constructs with
either region I or region III were less than twice higher
than that obtained with MDV () (cPR11/R I and cPR11/R
III; Fig. 6B). Overall, these results suggest that among the
regions tested, region II () has the highest stimulative
effect on RNA synthesis from the upstream positive-
strand synthesis promoter.
The effect of promoter sequences on template
competition in vitro
To further evaluate the role of sequences in de novo
initiation, we have used template competition experi-
ments, which may be more similar to in vivo conditions,
where the viral RdRp can encounter different templates
and promoters and it must choose among them. To this
end, we have used three templates: first, a construct with
the wt 11-nt core plus-strand initiation promoter (cPR11/R
III; Fig. 6A); second, a construct with the consensus
undecamer sequence (CONS; Fig. 4); and third, a con-
struct with the GC-rich 3-terminal sequence (G/C; Fig.
4). These 11-nt sequences were attached to the 3 end of
region III () as shown for cPR11/R III in Fig. 6A. The
competitor RNA was cPR11/72RI/IV (Fig. 6A) that con-
tained the wt 11-nt core plus-strand initiation promoter at
the 3 end, plus sequences derived from DI-72(). Im-
portantly, the competitor RNA was larger than the above
template constructs to allow for separation of the tem-
plate and competitor-derived products. By applying the
same amount of template RNA, while increasing the
amount of the competitor RNA, we have calculated the
IC50 value for the above templates. The IC50 value deter-
mines the amount of competitor RNA needed to reduce
de novo initiation from the given template RNA to 50% of
the level obtained in the absence of the competitor (mod-
ified from Chapman and Kao, 1999; Osman et al., 2000).
The data obtained in the competition experiments reveal
that the wt 11-nt core promoter made the template the
most competitive, while the GC-rich sequence contain-
ing construct was the least competitive (Fig. 7). The
construct with the consensus undecamer sequence was
moderately competitive. The observation that the wt core
plus-strand initiation promoter sequence gives in-
creased competitiveness over mutated promoter se-
quences may explain why the 11-nt core plus-strand
initiation promoter is conserved among tombusviruses
and their associated DI and satellite RNAs.
Comparison of the relative strength of minimal plus-
strand vs minus-strand initiation promoters in vitro
Previous work has revealed that the plus strands of
DI-72 RNA carry a minimal minus-strand initiation pro-
moter at the very 3 end (T. Panavas and P. D. Nagy,
unpublished data). This minimal minus-strand initiation
promoter is 19 nt in length and contains a hairpin-loop
structure with a 3 single-stranded tail (termed genomic
promoter or gPR; Fig. 8A). Its sequence is significantly
different from the sequence of the 11-nt core plus-strand
promoter characterized above. To compare the relative
strength of these promoters, we first tested them sepa-
rately in vitro when they were positioned at the 3 end of
either the MDV-derived (Fig. 8B) or the DI-72-derived (Fig.
8C) sequences using similar strategy described in Figs.
2 and 5. We found that templates carrying the minus-
strand initiation promoter were almost as active (for the
DI-72-derived constructs) or twice as active (for the MDV-
derived constructs) in the CNV RdRp assay than the
templates containing the 11-nt plus-strand initiation pro-
moter. These data demonstrate that the CNV RdRp can
efficiently recognize two different promoters and the core
plus-strand initiation promoter is not “stronger” than the
minus-strand initiation promoter when tested on sepa-
rate RNA templates in vitro. The plus-strand synthesis
promoter present on the minus-strand templates is pre-
dicted to be stronger than the minus-strand initiation
promoter because the level of plus-strand synthesis is
100-fold higher than minus-strand synthesis in vivo
(Buck, 1996).
FIG. 7. Competition of RNA templates for the CNV RdRp. (A) A
representative denaturing gel analysis of radiolabeled RNA products
synthesized by in vitro transcription with CNV RdRp in the absence (left
lanes for each template) or in the presence of a competitor RNA (cPR11,
Fig. 5). Note that the same competitor RNA is used in these experi-
ments, while the template RNA is changed. The amount of template
RNA was the same in each reaction (100 ng/l), while the amount of
competitor was 1-, 2-, 4-, 8-, and 16-fold higher that that of the template.
The template bands are shown with arrows. (B) A graphical presenta-
tion of the competition experiments to show the IC50 values.
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To further test the relative strength of the plus- and
minus-strand initiation promoters, we conducted in vitro
competition experiments. The template RNAs carried ei-
ther cPR11 or gPR sequences (Figs. 8D–E), while the
competitor RNA contained the core plus-strand initiation
promoter at its 3 end. The length of the template and
competitor RNAs were different to assist resolution of the
RNA products obtained in the CNV RdRp system in 8 M
urea/PAGE. These competition experiments revealed
that cPR11 was a better competitor (IC50 value of 1.0) than
the gPR (IC50 value of 0.35; Fig. 8E). The above experi-
ments were repeated using the same templates (cPR11
or gPR), but a different competitor (CONS; Fig. 4). Con-
struct cPR11 was found to be a better competitor in these
experiments as well (not shown). These in vitro data may
suggest that the plus-strand initiation promoter may be
more active (stronger) than the minus-strand initiation
promoter in vivo, since many templates and promoter
sequences likely compete for the limiting amount of
RdRp in tombusvirus-infected cells.
DISCUSSION
The minus-strand RNA serves as a template to pro-
duce large quantities of plus-strand RNA progenies by
the viral replicase complex during replication of plus-
strand RNA viruses (Buck, 1996). For plus-strand RNA
synthesis, the viral replicase complex must recognize
the minus-strand RNA and initiation has to occur at the
3-terminal initiation site de novo (without the use of a
traditional RNA primer). Therefore, unique plus-strand
initiation sequences may be present on the minus-strand
RNA templates to promote RNA synthesis by the repli-
case complex, as shown for TCV (Guan et al., 1997) and
BMV (Sivakumaran and Kao, 1999). Since tombusvirus
RdRp preparations can use minus-strand templates for
RNA synthesis, an in vitro approach is useful in dissect-
ing cis-acting sequences that may be present on minus-
strand RNAs. By using deletion and mutagenesis analy-
ses, we have previously shown that the minus-strand
region I of tombusvirus-associated DI RNAs (Fig. 1) con-
FIG. 8. Comparison of the relative “strength” of the minimal plus-strand and minus-strand initiation promoters in vitro. (A) The actual 3 sequences
for the minimal plus-strand promoter (underlined in cPR11) and minimal minus-strand promoter (19-nt sequence from the 3 end of the TBSV
plus-strand, boxed in gPR) are shown with arrows depicting the sites of initiation. In addition to the linear sequence, the predicted secondary structure
for gPR is also shown. The efficiency of RNA transcription by the CNV RdRp was compared to the level of transcription obtained with cPR11 (100%)
and % values are shown above the arrows (first value is obtained from B, second value is from C). (B–C) Representative denaturing gel analyses of
radiolabeled RNA products synthesized by in vitro transcription with CNV RdRp. The 5 ends of the constructs in B include the heterologous 221-nt
MDV 17-nt Anc sequences (see Fig. 2), while those in C include 72RI/IV and 17-nt Anc sequences (see Fig. 5). Template-sized products are
depicted with arrows. (D) Representative denaturing gel analyses of radiolabeled RNA products synthesized by in vitro transcription with CNV RdRp
in the absence (left lanes for each template) or in the presence of a competitor RNA (CONS, Fig. 5). Note that the same competitor RNA is used in
these experiments, while the template RNA is changed. The amount of template RNAs (cPR11 and gPR, (B)) were the same in each reaction (100
ng/l), while the amount of competitor RNA was half-, one-, two-, and fourfold higher than that of the template. The template-sized bands are shown
with arrows. (E) A graphical presentation of the competition experiments to show the IC50 values.
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tains the plus-strand initiation promoter and initiation
occurs at the very 3 end of the template at a cytidylate
(Nagy and Pogany, 2000). The very 3 end nucleotide of
the minus strands for CNV or TBSV and their associated
RNAs has not yet been determined unambiguously, al-
though it is thought that the 3 end consists of either one
or two cytidylates. Accordingly, using our in vitro TBSV-
and the CNV-derived RdRp systems, we found that mi-
nus-strand templates with either one or two 3-terminal
cytidylates are both transcribed efficiently (Fig. 3). In
addition to the 3-terminal cytidylates, deletion analysis
has revealed that the core or minimal plus-strand initia-
tion promoter includes only the 3-terminal undecamer
sequence (11-nt core promoter sequence; Fig. 2). We
also find that the 3 28-nt extended promoter sequence
has higher activity than the core promoter sequence at
least for one set of constructs (Fig. 2). Interestingly, the
28-nt sequence consists of an imperfect repeat of the
core undecamer promoter sequence (Fig. 2A). Although
this work demonstrates the role of the 3-terminal pro-
moter in the minus strand, its complement in the plus-
strand participates in the formation of a secondary struc-
ture that is critical for viral RNA replication in vivo (Wu et
al., 2001). Because of this dual role, the terminal element
has likely evolved to a sequence that is able to satisfy
both of these very different but essential roles.
Replacing the wt undecamer promoter sequence with
either AU- or GC-rich artificial sequences resulted in
inhibition of RNA synthesis (Figs. 4 and 5). An un-
decamer “consensus” RdRp recognition sequence, which
has been proposed by Wu and White (1998) based on
sequence comparison of tombusviruses and their asso-
ciated RNAs, supported RNA initiation less efficiently
than the wt core promoter sequence (Fig. 4). Template
competition experiments were especially powerful to
demonstrate the superior nature of the wt core promoter
over the consensus and the artificial sequences (Fig. 7).
The CNV RdRp preparation, somewhat surprisingly,
very efficiently used the heterologous core promoter
sequence of satC (i.e., the 3 proximal element) (Guan et
al., 1997), which is a recombinant satellite RNA associ-
ated with the tombusvirus-related TCV. This sequence is
more than 50% different from the tombusvirus core pro-
moter sequence (Fig. 4A). Looking for common features
between the TCV and tombusvirus core promoters, we
noted that (i) both contain 3-terminal cytidylates; (ii)
there is a stretch of three to five A/U nucleotides proxi-
mal to the 3-terminal cytidylates; (iii) there is a stretch of
purine-rich [AG(A/U)Pu] sequence; and (iv) both se-
quences have low G/C content. Despite the above listed
common features, there are notable differences between
the in vitro defined core promoters of tombus- and car-
moviruses. For example, there are two short regions
(core promoters) present in satC minus strands that can
support initiation by the TCV RdRp in vitro. One sequence
(the 3 proximal promoter sequence; Fig. 4) is located 10
nt from the 3 end, while the other is at a 5 proximal
location (Guan et al., 1997). The 5 proximal sequence,
but not the 3 proximal promoter sequence, has been
found to be necessary for satC replication in vivo (Guan
et al., 2000). In addition, the very 3-terminal minus-
strand sequence, termed CCS, is required for satC rep-
lication in vivo, but it does not serve as a promoter in vitro
(Guan et al., 2000). In contrast, the core plus-strand
initiation promoter for TBSV is located at the very 3 end
of the minus strand. Further studies will be needed to
dissect whether the characterized core plus-strand initi-
ation promoter for TBSV is required for RNA replication in
vivo in the tombusvirus system.
Previous in vitro studies involving several different
virus RdRp preparations have unexpectedly supported a
“promoter-less” model, which proposed that single-
stranded CCA sequences can serve as universal recog-
nition sites for RNA synthesis (Singh and Dreher, 1998;
Yoshinari et al., 2000; Deiman et al., 2000). Testing this
model in our tombusvirus RdRp system has revealed that
CCA sequences, especially when present in three re-
peats [(CCA)3], are indeed suitable for initiation of RNA
synthesis. However, the level of initiation was almost
10-fold lower than that supported by the wt core plus-
strand initiation promoter (Fig. 2). We cannot completely
rule out that the reduced level of initiation with constructs
containing CCA sequences is due to RNA folding. Fur-
ther detailed studies will be required to dissect the
mechanism of recognition and initiation from artificial
CCA sequences.
Sequences located downstream of the core promoter
sequence were found to affect the efficiency of RNA
transcription. For example, region II that is derived from
DI-72 () (Fig. 1) stimulated RNA transcription from the
core promoter by almost threefold (Fig. 6). In addition,
constructs that contained 11-nt artificial sequences in
place of the core promoter and downstream sequences
derived from DI-72(), including region II, were able to
support transcription (Fig. 5). In contrast, the same arti-
ficial sequences, when attached to the heterologous
MDV () sequence, did not support transcription at de-
tectable levels (Fig. 4). These data suggest that DI-72(),
especially the region II sequence, may contain cis-acting
replication elements, which may be involved in stimulat-
ing RNA synthesis from upstream promoter sequences.
Further experiments will be needed to dissect the de-
tailed role for the region II sequence in RNA transcrip-
tion/replication.
MATERIALS AND METHODS
Plant inoculation and CNV RdRp preparation
Nicotiana benthamiana plants were inoculated with
CNV genomic RNA transcripts obtained by standard T7
RNA transcription using SmaI-linearized clone of pK2/M5
p20STOP for CNV (Rochon, 1991). CNV RdRp prepara-
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tions were obtained from systemically infected leaves as
described by Nagy and Pogany (2000).
Preparation of RNA templates
For the in vitro experiments, RNA templates were ob-
tained by in vitro transcription reaction with T7 RNA
polymerase using PCR-amplified DNA templates (Nagy
et al., 1997, 1999). Constructs DI-72XP, which represents
the full-length T7 RNA polymerase transcribable cDNA
clone of DI-72 RNA (White and Morris, 1994a), was a
generous gift of Andy White. Construct pK2/M5p20STOP
(Rochon, 1991), representing the full-length T7 RNA poly-
merase transcribable cDNA clone of CNV genomic RNA,
was the generous gift of D’Ann Rochon. pK2/M5p20STOP
contains a mutation within the p20 gene that eliminates
the lethal necrosis induced by the wt CNV in N.
benthamiana.
PCR-based methodology was used to generate all the
constructs in Figs. 2–8. The template for the PCR was
either MDV (generous gift of Anne Simon) or DI-72XP.
The primers used are listed in Table 1, while the primer
sets for each PCR amplification are shown in Table 2.
Several constructs were obtained by using sequential
PCR, where the product of the first PCR reaction was
gel-purified and used for a second round of PCR as
shown in Table 2.
After T7 RNA transcription and phenol/chloroform ex-
traction, unincorporated nucleotides were removed by
repeated ammonium-acetate/isopropanol precipitation
(Song and Simon, 1994; Nagy et al., 1997). The obtained
RNA transcripts were dissolved in sterile water and their
amount and size were measured by a UV spectropho-
tometer and 5% polyacrylamide/8 M urea gel (denaturing
PAGE) analysis (Nagy et al., 1997).
RdRp assay
RdRp reactions (50 l) were carried out as previously
described (Nagy and Pogany, 2000), Each RdRp reaction
contained 0.2 g of template RNA. After phenol/chloro-
form extraction and ammonium-acetate/isopropanol pre-
cipitation, half the amount of the RdRp products were
treated with RNase I nuclease as recommended by the
supplier (Roche). Subsequently, the RdRp products were
analyzed on 20- or 32-cm-long denaturing 5% PAGE/8 M
TABLE 1
Primers Used for Construction of DNA Templates for T7 Transcription
Primer Sequence Origin Position
17 GTAATACGACTCACTATAGGAGAAACGGGAAGCTCGC TBSV 1285–1301
18 GTAATACGACTCACTATAGGAGAAAGCGAGTAAGACAG TBSV 4394–4411
31 GTAATACGACTCACTATAGGAAATTCTCCAGGATTTC TBSV 1–19
102 GGGCTGCATTTCTGCAATGAAttccacaagtgacacct TBSV/TBSV c4757–4776/c466–4682
123 GTAATACGACTCACTATAGGAGAATTGTAACTTCCAACA TBSV 140–156
136 TTGGAAATTCTCCAGGATTTCTCAAttccacaagtgacac TBSV/TBSV 1–21/c466–4682
155 TTCCAGGATTTCTCGACCTAGAAttccacaagtgacac TBSV/TBSV 8–28/c4666–4682
158 TTGGCGCCCGCCCGtccacaagtgacacct ART/TBSV /c4666–4682
159 TTGGTTTATTTATTtccacaagtgacacct ART/TBSV /c4666–4682
160 TTGGGTTTCTCTCGtccacaagtgacacct ART/TBSV /c4666–4682
161 TTGGAAATTCTCCttccacaagtgacacct TBSV/TBSV 1–11/c4666–4682
162 TTGGAAATTCTCCAGGATTTCTCGAC TBSV 1–24
185 AAGGGTTTCATAGGGAGGccacaagtgacacct TCV/TBSV 11–21/c4666–4682
194 GTAATACGACTCACTATAGGGGAACCCCCCTTC MDV c206–221
201 ttccacaagtgacacctGGGGACCCCCCGGAA TBSV/MDV c4666–4682/1–15
205 TGGTccacaagtgacacct ART/TBSV /c4666–4682
209 TGGTGGTGGTccacaagtgacacct ART/TBSV /c4666–4682
226 TTGGAAATTCTCCTTGTCGCTTGTTTGTTGG TBSV/TBSV 1–11/c150–165
227 TTGGAAATTCTCCTTCTGCTTTTACGAAGG TBSV/TBSV 1–11/c1505–1519
370 GGAAATTCTCCttccacag TBSV/TBSV 1–11/c4666–4674
371 GAAATTCTCCttccacaag TBSV/TBSV 2–11/c4666–4674
372 CAAATTCTCCttccacaag TBSV/TBSV 3–11/c4666–4674
373 TAAATTCTCCttccacaag TBSV/TBSV 3–11/c4666–4674
374 AAAATTCTCCttccacaag TBSV/TBSV 3–11/c4666–4674
375 GGGAATTCTCCttccacaag TBSV/TBSV 4–11/c4666–4674
376 GGAATTCTCCttccacaag TBSV/TBSV 4–11/c4666–4674
377 GCAATTCTCCttccacaag TBSV/TBSV 4–11/c4666–4674
378 GTAATTCTCCttccacaag TBSV/TBSV 4–11/c4666–4674
Note. The following symbols were used: lowercase for the anchor sequence (Fig. 2); italics for the T7 promoter; gray box for artificial (nonviral)
sequences; bold case for the plus-strand initiation sequence (cPR28 sequence and its derivatives, Fig. 2); while underlined sequences show the
minus-strand initiation sequence (gPR sequence, Fig. 8).
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urea gels, followed by analysis with a phosphorimager
as described (Nagy and Pogany, 2000). In the template
competition experiments, the amount of the template
RNA (100 ng/l) was the same in each reaction, while the
molar amount of competitor was 1-, 2-, 4-, 8-, and 16-fold
higher than that of the template (except where it is
indicated otherwise).
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